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Abstract 
There is little information available on Ytterbium neutron cross sections, which makes Monte-Carlo 
modeling of this material difficult. To facilitate modeling Ytterbium for brachytherapy seed 
manufacturing for future work, Ytterbium neutron cross sections were measured at 2.5 MeV. Neutrons 
were generated at this energy using a D-D fusion reaction in a portable neutron generator, with this 
neutron flux being detected using gold foils and Neutron Activation Analysis (NAA). The cross section 
was measured as 27 ± 6 barns.   
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Introduction 
Ytterbium has few commercial applications. It is used as an alloy component in steel and in Ytterbium 
brachytherapy sources. Brachytherapy is a form of radiation oncology. It involves placing a radioactive 
material inside a patient to kill cancer cells and treat tumors. There is work currently at WPI investigating 
the use of Ytterbium as a high dose rate brachytherapy source. Iridium is commonly used for this purpose.  
I was approached by SPEC to model the manufacture of their Ytterbium sources. This proved challenging 
because their cross sections are not provided in enough detail to preform Monte-Carlo simulations. Upon 
further investigation, it became clear that very little neutron cross section information was available. See 
Appendix A for the poster I presented at an American Brachytherapy Conference in Orlando 2015 on this 
matter.  There is some publications on the thermal, epithermal and 14 MeV energies for Ytterbium, but 
only one publication at energies in-between. Considering the lack of information and the desire for use in 
Brachytherapy sources, I was motivated to pursue this research.  
The only other experimental result for 2.5 MeV neutron cross section of Ytterbium is from Foster and 
Glasgow in 1971 [1]. This paper cover many elements from 2.5 to 11 MeV using time-of-flight to determine 
neutron energy. This was given graphically as a value of about 7-8 barns. The SIGECN-MASGAM code gives 
the cross section for isotopes of Ytterbium. These are predictions from computer code and not physical 
measurements. Calculating a value for natural Ytterbium from the given isotope cross sections gives a 
value of about 6 barns. These values can be found in the ENDEF libraries.  
Cross sections are of interest because it gives us information on how likely neutrons are to interact with 
a material. For brachytherapy, how likely ytterbium will absorb a neutron affects the manufacturing 
process. Cross sections vary greatly based on energy. The general trend is that lower energy neutrons are 
much more likely to be absorbed or scatter, with this decreasing with increasing energy. There are 
sometimes resonances are certain energies with much higher or lower cross sections.  
Historically, neutron sources have been difficult to acquire. The most common being from a reactor, with 
the neutron obviously coming from fission. A more portable source could be made using isotopes. A 
typical isotope source could be plutonium and beryllium. Beryllium releases a neutron when it absorbs an 
alpha particle from the decay of plutonium. Within the past decade portable neutron generators have 
become available and can be purchased commercially. These use fusion as the source of neutrons. Either 
deuterium or tritium gas is accelerated at a deuterium target. They fuse and produce helium and a free 
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neutron. For deuterium-deuterium fusion the energy of this neutron is 2.5 MeV, while for tritium it is 14 
MeV. WPI operates a deuterium-deuterium based portable neutron generator.  
Methodology 
WPI’s neutron generator was used for the source of 2.5 MeV 
neutrons. Since the neutrons are produced at this energy, the 
key was to have as little material in the beam path. As much 
of the shielding that could be removed from it was. Some of 
the moderator provided is structural and could not be 
removed. 
The neutron beam requires a constant amount of attention to 
run, making longer runs more demanding. I was able to 
perform two 24 hour and one 8 hour irradiations.  
Ytterbium foil was acquired to use as testing samples. Two 
samples were purchased from Alfa Aesar. Both were 99.9% 
purity and 25x25mm, while one was 0.64mm and 2.8 grams 
and the other was 0.3mm and 1.3 grams.  
Detectors 
A key element of being able to determine the cross section is detecting the neutrons. Two methodologies 
were considered for this work were Neutron Activation Analysis (NAA) and proton scatter based 
scintillation detectors.  
A fast neutron detector was constructed for this project, but not used. The EJ-410 model of fast neutron 
scintillator was used with a Photo-Multiplier Tube (PMT) from Ludlum’s model 43-1 to produce a signal 
that could be read on a scaler ratemeter or similar instrument. The EJ-410 is designed to respond to fast 
neutrons while being nearly insensitive to gamma-radiation. It is given as having a 2% efficiency at 2.5 
MeV. It was fastened to the end of the PMT using UV curing glue NOA68 from Thor labs.  
Cadmium covered gold foils were chosen as the NAA medium. Gold foils are a typical NAA medium, as 
well as being available in the lab. Other foils were considered. One of these was Titanium for its useful 
property of only being activated by neutron over 1 MeV. While gold is a broad spectrum activation source, 
Photo 1: Sample place in Canaberra model 727 on 
a BICRON model 3M3/3 NaI detector 
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its cross section has a local maximum around 2.5 MeV. This along with its availability in the lab made it 
the best choice.  
 
Photo 2: Two cadmium samples placed on the neutron generator. The left sample is on Ytterbium foil. These samples are about 
half a meter from the neutron source. 
In theory many of the instruments could have been used for detecting the gamma-particle from neutron 
activation, a detector that can resolve energies provides much more conclusive results. The lab had 
Germanium and NaI detectors available. The NaI detectors were used because I could set up two identical 
setups for the best consistency when comparing to the control. Over course, this could also be done with 
Germanium detectors if they are available. Additionally, the germanium detectors were in use by a 
different project, making the NaI detectors more convenient.  
The detectors used were both Canaberra model 727 shielding with a BICRON model 3M3/3 NaI detector 
with Canaberra OSPREY digital signal analyzer. The counts were determined using the Prospect software. 
These two detectors were also calibrated at the same voltage (900 volts) to the same energies. They then 
were used to count the same gold foils to test their relative efficiencies. 
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Calculations 
Cross section is taken from this formula: 
𝜙 =  𝜙0 𝑒
−𝑁𝜎𝑥  
Where: 
𝜙 – Flux (Neutron cm-2 sec-1) 
𝜎 − Cross Section (cm2) 
N – Atomic Density (cm-3) 
x – Material Thickness (cm) 
 
The following diagram is to illustrate this. 
 
Since the atomic density can be calculated from the density and the foil thickness is known, only the flux 
is needed. These are obtain from the NAA mentioned earlier. Two foils will be irradiated at the same time, 
one with a foil in front and one without. The ratio of the counts from these two will equal the ratio of 
𝜙/ 𝜙0 assuming some things. The first is that the detectors count with the same absolute efficiency. 
Additionally that the samples were exposed to the same neutron field. Considering they will be irradiated 
at the same time at the same distance, this is a good approximation. Third is that the samples begin and 
end counting at the same times to account for the natural decay rate.  
Using this information, we can confidently say that for this experiment the ratio of counts from the foil 
shielded (CY) and the control with no foil (CC) is the same as the ratio as 𝜙/ 𝜙0. Written explicitly; 
C𝑌
𝐶𝐶
≈  
𝜙
𝜙0
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Using this relation to solve for the total cross section on one side of the equation would give: 
𝜎 =
𝑙𝑛 (
C𝑌
𝐶𝐶
)
−𝑁𝑥
 
Where ln() is natural log.  
Results 
The first set of data proved unusable because it proved difficult to correlate the detectors within a 
reasonable error margin. Check sources were used to attempt correlation, but proved much different 
results base of the energy. This prompted a changed detector setup, along with correlation based on the 
energy of interest.  
The following is data taken to validate that the detectors were counting at the same absolute efficiency. 
Since there can only be one source in a detector at a time, there is some decay loss. The samples were 
counted for 10 minutes each. This gives about a 12 minute delay between counting times, or about .2% 
less activity. Counts was given as the area above background of the Gaussian peak at 411 KeV, the 
characteristic energy of gold. This is true of all counts given in this work. 
 
Foil Detector A Detector B Ratio  Decay corrected 
Ratio 
Foil 1 (Counts/Sec) 5317 ± 3 5323 ± 3 .9988 1.0009 
Foil 2 (Counts/Sec) 6296 ± 3 6271 ± 3 1.0040 1.0020 
 
The second round of data used a 0.3 mm foil and a 24 hour irradiation. The third round of data was an 
eight hour run with a 0.64 mm foil. The beam times are approximate due to frequent stopping and starting 
of the beam during operation.  
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 Detector 
Counts 
Control 
Detector 
Counts With 
Ytterbium 
Counts 
Ratio 
Foil 
Thickness 
(mm) 
Irradiation 
Time  
(hours) 
Cross 
Section 
Calculation 
(barns) 
Second 
Irradiation 
216101 ± 
1500 
2116181 ± 
1500 
0.9793 .3  ~24 28 ± 6 
Third 
Irradiation 
922387 ± 
2000 
960222 ± 2000 0.9606 .64 ~8 26 ± 6 
The total error for the counting statistics is given at around 1%. This translates to about a 6 barn error just 
factoring in counting statistics error. Other sources of error are discussed in the next section.  
 
Conclusions  
These results certainly hint at a higher cross section then was previously accepted. However, they are not 
conclusive. There are a handful of experiments I’d like to see done and explanations for the higher 
number.  
First, there isn’t run with no Ytterbium foil. Running two foils unshielded would give insight to the 
existence of a systemic error in the experiment. Additionally, using this method on a well-known material 
to validate it would give much more certainty to the results.  
I think it is possible that there were count contributions from non 2.5 MeV neutrons. There was still some 
moderator present to provide this. The cadmium around the gold foil certainly reduced thermal noise to 
about zero, but there is the possible counts from energies above thermals that would be more penetrating 
to cadmium.  
Recommendations for Future Work 
As discussed earlier, a scintillation based fast neutron detector was constructed and never used. I 
recommend use of this instrument in later work. It is a direct measurement of neutron flux, reducing 
experimental error present in NAA. Additionally, the instrument would be much more sensitive. Likely by 
more than an order of magnitude considering the relative Hydrogen scatter and gold absorption cross 
sections at 2.5 MeV and the additional efficiency lost in counting gamma-particles for NAA. The additional 
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counts could me great increase in precision and accuracy, reducing the error on the current given 
estimate.   
The beam irregularly makes it hard to compare results not irradiated at the same time. The most 
experimentally practical route would be to have two of the fast neutron scintillators.  This directly 
provides information about the control neutron flux. The other options would be many trails with and 
without the foil. Considering the difficulty and starting and stopping the generator this often, a robotic 
apparatus for moving the foil sample would be recommended.  
Work has been done at WPI by me and Andrew Daudelin in designing a neutron velocity selector that 
could be 3D printed. The work is still in the early stages. If this work was completed, the energy range 
could be extended down from 2.5 MeV. This energy region has no experimental data, but is create 
interest in the manufacture of brachytherapy sources. The SIGECN-MASGAM code calculates many 
resonances in the region below 2.5 MeV. A neutron velocity selector would be a great tool to explore 
these resonances.  
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Photo 3: Prototype neutron 
velocity selector manufactured 
in a 3D printer 
Photo 4: Fast neutron scintillator attached to PMT. 
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